Nanopantography is a method for massively parallel patterning of nanofeatures over large areas. Transfer of patterns defined by nanopantography using highly selective plasma etching of Si, with the native silicon oxide as hard mask, can improve patterning speed and etch profile. With this method, arrays of high aspect ratio (>5) $10 nm-diameter holes, as well as slots, were fabricated in silicon with no mask undercut. The ability to fabricate complex patterns using nanopantography, followed by highly selective plasma etching, was also demonstrated.
I. INTRODUCTION
Lithography at the sub-10 nm scale is essential for the fabrication of future integrated circuits, as well as a variety of other nanodevices. Extreme ultraviolet lithography, a contender for "next generation lithography," has been delayed due to many issues, including low throughput and high cost.
1,2 Block copolymer directed self-assembly can produce a limited variety of patterns with dimensions <10 nm. [3] [4] [5] [6] [7] [8] Nanoimprint lithography shows promise for low-cost, highthroughput fabrication, with ultimate resolution in the sub-10 nm regime, but because it is a contact process, defect reduction has slowed its introduction to manufacturing. [9] [10] [11] [12] Ion or electron beam proximity or projection lithographies can define features finer than 20 nm, but proximity printing requires fragile stencil masks with equally fine features, 13 and projection printing needs large field optics and is subject to Coulomb interaction limitations.
14 Multiple e-beam lithography integrates tens of thousands of 5 keV-electron beams for parallel writing, but has demonstrated a resolution of only 32 nm at present. 15, 16 Scanning probe lithography can achieve sub-10 nm resolution, but this method is too slow for large area fabrication. [17] [18] [19] [20] Nanopantography is a new patterning method for massively parallel writing of nanofeatures over large areas. Billions of electrostatic lenses are first fabricated on top of a wafer using conventional semiconductor manufacturing processes. A broad area, collimated, monoenergetic ion beam is then directed toward the wafer surface. By applying an appropriate DC voltage to the lens array with respect to the wafer, the ion beamlet entering each lens converges to a fine spot focused on the wafer surface that can be 100Â smaller than the diameter of the lens. 21, 22 By controlling the tilt of the substrate with respect to the ion beam, the focused ion beamlets can "write" a desired pattern in a massively parallel fashion in selected areas of the substrate.
Nanopantography has been employed to etch 10 nmdiameter holes in Si by simultaneous exposure to a monoenergetic Ar þ ion beam and Cl 2 gas. 21 Etching of trenches and more complex patterns was also demonstrated. 22 Throughput was a challenge, however. For example, it took 30 min to etch an array of 50 nm-diameter, 100-nm deep holes in Si. Another issue was that etched features showed an unwanted tapered sidewall at an angle that depended on the numerical aperture of the lens. This also resulted in a size of the etched feature at the wafer surface that was larger than the inherent resolution of the technique.
A two-step process in which very shallow patterns are defined in an ultrathin mask by nanopantography, and then transferred into an underlying material by highly selective plasma etching, would greatly improve throughput. Recently, it was found that p-type Si could be etched in chlorine-containing plasmas with ion energies below the ion-assisted etching threshold (<16 eV). 23, 24 This subthreshold etching was shown to be due to photons (especially in the VUV) emanating from the plasma. There was little or no isotropic etching of p-type silicon under the conditions studied, i.e., no undercut was observed in the etch profiles. With such low ion energy, while maintaining a moderate etching rate of Si (tens of nm/min), it should be possible to use an ultrathin mask, such as the native oxide on Si, to transfer a nanopantography-defined pattern deep into the Si substrate with minimal or no mask undercut.
In this letter, we demonstrate this new method to transfer nanopantography-defined patterns using highly selective plasma etching. The process flow is schematically depicted in Fig. 1 . In the first step, a desired pattern is defined on a Si wafer using nanopantography with a short exposure time (typically 3 min). The purpose is not to etch deep into silicon, but to break through the native oxide on top of silicon, creating a shallow pattern on the wafer surface that can serve as mask. In the second step, the pattern is transferred into the Si wafer, using a chlorine plasma under photo-assisted etching conditions (subthreshold ion energies). Because of the very low ion energy, the selectivity of etching silicon over silicon dioxide is very high ($120), allowing high aspect ratio features (>5) to be formed in Si, despite the very thin mask. 
II. EXPERIMENT
The nanopantography apparatus was the same as that described by Xu et al., 22 except that a new high density inductively coupled plasma source was installed to achieve higher beam current with a narrower ion angular distribution. Monoenergetic ions were extracted through a grid using a pulsed plasma technique. 25 Ions traveled to the sample, 60 cm downstream from the extraction grid, drifting through a region that was differentially pumped (pressure ¼ 5 Â 10 À6 Torr during processing) to minimize collisions with the background gas.
Electrostatic lenses were fabricated on a Si substrate using standard semiconductor manufacturing techniques. The lens structure is shown in Fig. 1(a) . A 150 nm sputter deposited Al layer was separated from the p-Si substrate by 1000 nm of thermally grown oxide. The metal-oxide-silicon structure comprises an electrostatic lens that focuses the ion beamlets entering the structure. The lenses used in this work had a diameter of 650 nm and a focal length of 1150 nm (150 nm Al þ 1000 nm SiO 2 ). The lens array had a pitch of 1.15 lm in both x and y directions, over a 2 Â 5 mm 2 area of the sample, which corresponded to a total of 7.5 Â 10 6 lenses.
During the last step of the lens fabrication process, SiO 2 etching with Al as the mask, SiO 2 was completely removed by over-etching, exposing the Si underneath. After fabrication, lenses were exposed to ambient air, forming a native oxide with a saturated thickness of $16-20 Å . 26, 27 For such a thin oxide layer, any charge deposited on the surface by the ion beam is expected to be neutralized by a leakage current to the substrate, thus avoiding charging of the oxide, which would lower the energy of the ion beam striking the substrate and distort the ion focus.
Si substrates patterned with the electrostatic lens arrays described above were loaded into the nanopantography processing chamber, and oriented perpendicular to the ion beam direction. The Si substrate was electrically connected to ground, while the Al layer on top was DC biased with the optimum voltage of 96.8 V, determined by experiments and simulations to yield the minimum focal spot size of Ar þ , with the measured ion energy of 107 eV. Cl 2 was then admitted into the processing chamber through a leak valve such that the pressure in the processing chamber was 3.0 Â 10 À5 Torr. (The base pressure was 1.0 Â 10 À7 Torr.) The nearly monoenergetic (3 eV FWHM) Ar þ beam was extracted from a pulsed inductively coupled plasma using synchronized bias on a boundary electrode. 25 The ion beam current density at the sample location was measured to be 1 lA/cm 2 . The substrate holder could be tilted independently in two dimensions with a computer controlled accuracy of 60.015
, allowing writing of any arbitrary, non-reentrant pattern. After etching nanopatterns through the native oxide, to expose the underlying silicon, the sample was taken out of the nanopantography apparatus and was quickly transferred to the plasma etching reactor. During the less than 5 min exposure to ambient air, one would expect no more than a few monolayers of oxide regrowing on the silicon surface.
Chlorine plasma etching was carried out in a Tokyo Electron Radial Line Slot Antenna (RLSA#) reactor. The 1500 W microwave excited plasma has a very low electron temperature (T e $ 1 eV at 5 mTorr) above the wafer, as determined by Langmuir probe analysis. 28 With no RF bias on the electrically floating wafer stage, the ion bombardment energy is expected to be $5T e , 29 and therefore below the threshold for ion-assisted etching of silicon.
Silicon samples were mounted, using Fomblin# oil, at the center of a 200 mm diameter silicon wafer that was positioned 40 cm below the quartz window through which the microwaves were fed. Samples with a lens structure fabricated on them, but not exposed to nanopantography, were used to measure the Si etching rate and ascertain the plasma etch resistance of the native oxide of silicon under the chosen plasma conditions. An induction period of about 7 min was observed before Si etching commenced, corresponding to breaking through the native oxide. After this induction period, silicon etched at a constant rate of $30 nm/min. After plasma etching, samples were cleaved and examined by scanning electron microscopy.
III. RESULTS AND DISCUSSION
A feasibility experiment was carried out by forming a hole at the center of the bottom of each lens. The focusing voltage was set at 96.8 V. For a nanopantography process time of 3 min, the silicon was etched less than 10 nm-deep [ Fig. 2(a) ]. After chlorine plasma etching for 7 min, using the parameter values given above, the hole was 80 nm deep, while the rest of Si surface was successfully protected by the native oxide [ Fig. 2(b) ]. With an etching rate of 30 nm/min, it would be expected to take only 2.7 min to etch Si to a depth of 80 nm. It is possible that upon air exposure, a few monolayers of native oxide reformed in the spots cleared by nanopantography, requiring 4.3 min to be removed in the chlorine plasma. We have observed, however, that the etching rate slows down with time in small features, leading to the more likely conclusion that aspect ratio dependent etching limits the depth of these features.
Lines were also written by nanopantography, using the optimum focusing voltage of 96.8 V and a 50 s dwell time per exposure step. The exposure step size was 3.4 nm, achieved by tilting the sample stage 0.17 /step. The equivalent writing speed is 4.1 nm/min. A 200 nm-long trench with 12.5 nm width was obtained using chlorine plasma etching after nanopantography patterning (Fig. 3) . The depth of the Si trench was $80 nm, resulting in an aspect ratio (depth/ width) of 6.4. Since there are 7.5 Â 10 6 lenses on the wafer, the overall writing speed is 3 cm/min. This speed can be readily increased to 160 cm/min by fabricating 400 Â 10 6 lenses with 1 lm pitch, over an area of 2 cm Â 2 cm. These values can be compared to the 10 cm/h e-beam writing speed for similarly sized ($10 nm) features. [30] [31] [32] Finally, interlocking "UH" logos were written over 225 nm Â 250 nm areas with an exposure step size of 3.4 nm and dwell time of 50 s (Fig. 4) . The thinnest line near the crossing point of the right vertical line of letter U and the horizontal line of letter "H" is $13 nm-wide.
Using highly selective chlorine plasma etching to transfer patterns, defined by nanopantography, results in improvement in both writing speed and feature resolution. Instead of etching a 100 nm-deep feature in Si, only a 1-2 nm of SiO 2 needs to be removed, and this reduces the nanopantography process time from 30 min to 50 s. In addition, the resolution is improved because a much thinner layer of material has to be removed by nanopantography. Because the ion beam focus spot is only 6-7 nm (based on the smallest feature obtained) roughly equal to the FWHM of 8 nm found in simulations for this lens diameter and numerical aperture NA ¼ 0.28, the depth of focus (DOF) of the beam is shallow, i.e., only $20 nm. 33 Etching beyond the range of the DOF would create features larger than the focal spot size, degrading the inherent resolution. By reducing the etched thickness to a few nanometers, the etched layer completely falls into the DOF of the ion beamlets, resulting in better resolution.
IV. SUMMARY AND CONCLUSIONS
In summary, transfer of patterns defined by nanopantography was demonstrated using highly selective chlorine plasma etching. The native oxide of silicon served as a hard mask, due to the high selectivity of chlorine plasma etching with subthreshold ion bombardment energies. High aspect ratio (>5) nanopatterns with $10 nm openings were fabricated in silicon with no mask undercut. An array of "UH" logos with $13 nm-wide nanoletters was fabricated to demonstrate the ability to fabricate arbitrary, non-reentrant patterns, using nanopantography, followed by highly selective plasma etching. The smallest features fabricated so far by this method were 6 nm diameter holes.
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